Fragility of the spin-glass-like collective state to a magnetic field in an interacting 

Fe-C nanoparticle system 
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The effect of applied magnetic fields on the collec- 
tive nonequilibrium dynamics of a strongly interacting Fe-C 
nanoparticle system has been investigated. It is experimen- 
tally shown that the magnetic aging diminishes to finally dis- 
appear for fields of moderate strength. The field needed to 
remove the observable aging behavior increases with decreas- 
ing temperature. The same qualitative behavior is observed 
in an amorphous metallic spin glass (Feo.i5Nio.85)75Pi6B6Al3. 



Frozen ferrofluids offer systems where the long-range 
dipolar interaction between the single-domain nanopar- 
ticles can be continuously varied by changing the particle 
concentration. In a dilute ferrofluid, where the dipolar in- 
teraction energy is negligible compared to the anisotropy 
energy, the magnetic properties of the system is given 
by averaging over the individual particle contributions. 
The dynamical properties of isolated particles are deter- 
mined by the thermally activated relaxation between the 
potential wells of tiie anisotropy energy, as was originally 
proposed by Neelu The magnetic response of a single- 
domain particle is strongly affected by an external bias 
field. The relaxation time depends both on the magni- 
tude and the direction of the applied magnetic field with 
respect to the anisotropy axis, in combination with the 
damping of the gyration around the easy axis after a 
spin-flip (see, e.g., Refs. ||-||). For interacting particle 
systems, the dipolar field created by surrounding parti- 
cles will also affect the relaxation time.tl 

Highly concentrated ferrofiuids, in which the dipolar 
interaction energy dominates over the anisotropy energy, 
contain all ingredients needed to create collective glassy 
dynamics; a complex interaction mechanism - the dipo- 
lar interaction - and frustration provided by the ran- 
domness of the particle positions and directions of the 
anisotropy axes. Indeed, experiments have shown that 
such particle systems exhibit nonequilibrium dynamics 
with striking similarities to the nonequilibrium dynamics 
of spin glasses. The magnetic relaxation of the low field 
dc magnetization shows an aging bchaviorQ and there 
is a downward relaxation of the low-frequency ac sus- 
ceptibility when the sample is kept at constant tempera- 



ture combined with a rejuvenation and memory behavior 
when the temperature of iha jSample is further decreased 
and subsequently re-heatedB'EI Also, certain effects of ap- 
plied magnetic fields on the nonequilibrium behavior of 
particle systems have been reported. In a recent work 
it was shown that the relaxation of the thermoremanent 
magnetization (TRM) exhibits magnetic aging if the field 
applied during cooling is low, but not if a relatively high 
field is usedJij This result is similar to the behavior of 
spin glasses where large enough fields impose an equilib- 
rium state on experimental time scales and a relaxation 
of the thermorenwjient magnetization that is indepen- 
dent of wait timelli and it is thus also consistent with 
the assumption of collective spin-glass-like-jdynamics in 
strongly interacting nanoparticle systems.113 In the spin 
glass case, it has also been shown that field |ehanges can 
induce rejuvenation of the spin glass statetS and that 
the n Qngq jiilibrium relaxation is affected by large enough 
fields.m 

In this article, we study the effect of bias magnetic 
fields on the nonequilibrium dynamics of a strongly in- 
teracting nanoparticle sample. We have chosen to mea- 
sure the relaxation of the low-frequency ac susceptibil- 
ity, since such relaxation is indicative of magnetic ag- 
ing and therefore does not exist in weakly interacting 
nanoparticle systems. It is observed that the collective 
nonequilibrium dynamics disappears at moderate fields 
and that the strength of the field needed to remove the 
collective glassy dynamics increases with decreasing tem- 
perature. The same qualitative behavior is observed for 
a spin glass sanaple. We interpret the results within the 
droplet modcl,E3 which is a real-space model that has 
successfully been used to describe nonequilibrium effects 
in spin glasses. 

The ferrofluid consisted of ferromagnetic nanoparticles 
of the amorphous alloy Fei_a;Ca: {x « 0.2 — 0.3). A 
TEM study revealed a nearly spherical particle shape 
and a particle size of d = 5.3 ± 0.3 nm. The satura- 
tion magnetization is estimated to Mg — 1 • 10'^ G and 
the anisotropy constant to K = 9 ■ 10^ ergcm^'^. Details 
about the sampjle. preparation and characterization are 
given elsewhere.tZI Two samples were studied, one with a 
concentration of 5 vol% which has earlier been shown to 
exhibit spin-glass- like nonequilibrium dynamics Jj while 
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the second sample was diluted to 1 vol% and no mag- 
netic aging was observed in this sample. 

For comparison, experiments were also performed on 
an amorphous metallic 

spin glass (Feo.i5Nio.85)75Pi6B6Al3. The interaction in 
this sample is of RKKY type and it behaves as a dilute 
metallic spin glass alloy with a transition temperature of 
Tg = 22.5 K. Various magnetic properties of the system 
have been investigated in a number of earlier reports (see, 
Refs. @|l9|P 



e.g 



14|). We chose this compound since 
it has a high susceptibility and comparably low applied 
magnetic fields are needed to affect the nonequilibrium 
dynamics. 

The temperature dependence of the ac susceptibility 
of the two nanoparticle samples with a superimposed dc 
field was measured in a LakeShore 7225 ac susceptometer 
using an ac probing field of frequency 125 Hz and ampli- 
tude 2 Oe and dc fields in the range - 250 Oe. These 
fields are low enough not to destoy the two- well structure 
of the single-particle potenlial.E3 A noncommercial low- 
field SQUID magnetometerEiJ was used to measure the ac 
susceptibility with superimposed dc fields as a function 
of time on both the 5 vol% nanoparticle sample and the 
spin glass. The samples were cooled in the dc field from 
a temperature in the paramagnetic region to the mea- 
suring temperature, and the data collection was initiated 
after waiting a short time to allowing the system to sta- 
bilize. For the nano-particle sample to = 120 s and for 
the spin glass to — 60 s. The frequency of the ac field 
was 510 mHz, the field amplitude 10 mOe and the range 
of dc fields 0-240 Oe. 

The total energy of a nanoparticle system, probed by 
an ac field of amplitude ho and with an applied dc field 
H in the same direction as the ac field, is given by 

E = E^-J2^i- {hozsinujt + Hz + i?f P) , (0.1) 

i 

where Ea is the anisotropy energy and rhi is the magnetic 
moment of particle i. The dipolar field at the position of 
the ith particle is given by 
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where j ^ i and rij = fi — Vj is the vector connecting 
particle i with particle j. 

The results from measurements of the ac susceptibil- 
ity with superimposed dc fields for the two nanoparticle 
samples are shown in Fig. |]. For H = the peak of the 
ac susceptibility appears at higher temperature for the 
5 vol% sample than for the 1 vol% sample, due to the 
stronger dipolar interactions in the more concentrated 
sample. However, the difference between the susceptibil- 
ity of the two samples decreases with increasing dc field, 
and for the highest fields the susceptibility curves are al- 
most identical indicating that the dipolar field created 
by the surrounding particles is negligible compared to 



the applied field. Corresponding ac susceptibility results 
with bias fields for the spin glass sample are shown in 
Fig. 1 of Ref. |l|. 

We have chosen to study how the collective behavior is 
affected by a magnetic field by measuring the relaxation 
of the low-frequency ac susceptibility in superimposed 
dc fields. Aging effects are seen in x"{^) a relaxation 
towards equilibriuHn with time spent at constant temper- 
ature, t (3> l/ti;).E3 The corresponding relaxation is seen 
in x'(w), and since the relaxation is larger in x' than in 
x" it can be move convenient to study x' if the relax- 
ation is small.B Fig. || shows xiH,t) — xiH,t — to) for 
different dc fields at T = 25 K for the 5 vol% sample. It 
is seen that the field reduces the relaxation and at fields 
higher than 200 Oe there is almost no relaxation left. A 
reduction of the relaxation in the ac susceptibility with 
applied magnetic fields is also observed for the spin glass 
sample. 

We now define a quantity k as 



k{H) 



X(g,t = to)-x(g,t = tn,ax) 

X{H = 0, t = to) - xiH = 0, t = t^ax) 



(0.3) 



which gives a relative measure of the relaxation in the 
presence of a dc field. We have repeated the measure- 
ments in Fig. ^ at different temperatures for both the 5 
vol% sample and the spin glass sample. For both samples 
the relaxation persists to higher fields at lower temper- 
atures. Postulating an HT^ dependence of k and using 
X as a fitting parameter we obtain reasonable scaling be- 
havior for the two samples. In Fig. ||(a) k{HT^'^) is 
shown for temperatures in the interval 20-35 K, for the 5 
vol% nanoparticle sample. The curves measured at dif- 
ferent temperatures give a satisfactory data collapse. For 
the spin glass sample, on the other hand, data collapse is 
obtained for curves measured at different temperatures 
between 16 and 20 K using k{HT'' '^), as can be seen in 
Fig. ^(b). The choice of using x' or x" ™ tti^ analysis 
did not affect k. 

WCj-jvill interpret our results within the droplet 
modellj which was derived for short-range Ising spin 
glasses. Important concepts of the model should however 
also be applicable to particle systems exhibiting strong 
dipole-dipole interaction and random orientation of the 
anisotropy axes. In this model, it is assumed that, at 
each temperature below the spin-glass transition temper- 
ature Tg, the spin-glass equilibrium state is unique but 
two-fold degenerate by its global spin-reversal state. In 
equilibrium, the most important contribution to physical 
observables, such as the magnetic susceptibility, comes 
from low-lying excitations of compact clusters of spins, 
called droplets. The droplet excitations of size L have a 
broad distribution of free energies, with a typical value 
of 
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where T(r) is the stiffness modulus, 9 is the stiffness 
exponent, and Lq is a characteristic length scale. The 
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stiffness exponent satisfies < {d— l)/2, where d is the 
dimension of the system, and 9 « 0.2 for d = 3.Eao The 
dynamics of droplets is a thermally activated process. 
The typical energy barrier scales as 

B^yP ~ AiL/Lof , 

where A(r) sets the free energy scale of the barriers and 
the barrier exponent tp satisfies 6 < ip < d— l|_The value 
of the exponent V' has been estimated to 0.8.E3 

Let us now consider the isothermal aging process 
which we experimentally have observed as a relaxation of 
the low-frequency ac susceptibility. Within the droplet 
model, the development towards equilibrium from the 
out-of-equilibrium state, which was created when quench- 
ing the system, is governed by the growth of domains be- 
longing to either of the two degenerate equilibrium states. 
That growth is driven by successive nucleation and anni- 
hilation CjLdroplets. The growth law proposed by Fisher 
and Huset^ is 



Tln(i/ro) 



A(T) 



(0.4) 



where tq is the relaxation time of a spin (or magnetic 
moment). The weak ac field of frequency lo/2tt probes 
the system by polarizing droplets of size Lt{)-/oj)- Since 
t ^ l/w, Lt{1/uj) < Lrit) and hence the domain walls of 
size Lxit) appear effectively frozen on the probing length 
scale. The small scale droplets [of size Lril/i^j)] in touch 
with a frozen-in domain wall will have a lower free energy 
than they would have had if the frozen-in wall was not 
present. This can be described by a reduction of the 
effective stiffness of the system. Fisher and Huse used 
scaling arguments to obtain 
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and deduced that 



x"(u;)=x",M 



Lt{1/uj) 
Lrit) 



(0.5) 



where c is a constant. It has been shown experimentally, 
for a 2d Ising spin glass, tliat both x" and x' relax ac- 
cording to this expression.E^ 

In a magnetic field H, the system is disordered by the 
field on length scales larger than the correlation length 



-1 2/(d-29) 



while it still exhibits spin glass order on shorter length 
scales. Here, qm{T) is an order parameter defined in 
Ref. The typical time needed for the system to equi- 
librate is given by t^q ^ th, where ln(T///ro) ~ ^Cff- 
The relaxation of x at a certain temperature will then be 



governed by the relation between the domain size Lt(^) 
reached within the experimental time window and the 
length scale £,h se t by the magnetic field. In a strong 
applied field Eq. (0.5) can be modified to include the 
correlation length, as 



x"(w,ff) = Xeqi^,H) < 1 - c 



Lt(1/w) 



min{LT{t),^H) 



(0.6) 



Here, it should be noted that neither Lrit) nor are 
well defined length scales, so the relaxation will not end 
abruptly, but will gradually be suppressed over a wide 
time window. Three different field regimes can be dis- 
tinguished: i) Lxit) <C £,H, the collective nonequilib- 
rium dynamics is virtually unaffected by the field, ii) 
Lrit) ^ Cffj the system is partly at equilibrium, and 
hence the ac relaxation is reduced, in) Lr(i) > S.H, the 
system is in equilibrium, no collective dynamics exists. 

At sufficiently low temperatures (T ^ Tg/2) the influ- 
ence of critical fluctuations is small and hence the tem- 
perature dependent coefficients T, A, and qm are ap- 
proximately consta nt .ll B Since k{H) scales with LT{t)/S,H 
according to Eq. ( |0.6|) , we then expect to obtain data 
collapse, at low temperatures, plotting k vs iJT^, with 
X = {d— 29) /2^. The reported values of 9 and ip yield 
X > 1 and hence the condition LT{t)/£,H ~ 1 is ful- 
flUed for lower flelds at higher temperatures in accordance 
with results shown in Fig. ^ Due to experimental limita- 
tions, the measurements on the spin glass correspond to 
T > Tg/2 and therefore x ^ x, since critical fluctuations 
will modify the temperature dependence. 

The quantitative difference, between the spin glass and 
the nanoparticle system, in how the field needed to af- 
fect the collective dynamics scales with temperature can 
be attributed to the difference in relaxation time of iso- 
lated spins in the two systems. The spin fiip time of an 
atomic moment in the spin glass is constant, while for 
the magnetic moment of a nanoparticle the relaxation 
time depends both on the temperature and the field in a 
nontrivial way, and is also affected by the dipolar inter- 
actions. 

We have shown, by measuring the isothermal relax- 
ation of the ac susceptibility with superimposed dc fields, 
that the collective glassy dynamics of a strongly interact- 
ing nanoparticle system can be destroyed by the appli- 
cation of moderate fields. The field strength needed to 
destroy the collective dynamics increases with decreas- 
ing temperature. This behavior is consistent with corre- 
sponding observations on a spin glass sample. The re- 
sults for both samples show quantitative agreement with 
predictions within the droplet model. 
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FIG. 1. The ac susceptibility vs. temperature for different 
superimposed dc fields; H = 0, 50, 100, 150, 200, 250 Oe. 
/ = 125 Hz. 
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FIG. 2. Relaxation of the ac susceptibility for different su- 
perimposed dc fields H , measured on the 5vol% nanoparticle 
sample. The frequency uj/2ti = 510 mHz and the temperature 
T = 25 K. Same units as in Fig. m. 
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